Background: There is growing evidence of apoptosis in neurodegenerative disease. However, it is still unclear whether the pathological manifestations observed in slow neurodegenerative diseases are due to neuronal loss or whether they are related to independent degenerative events in the axodendritic network. It also remains elusive whether a single, caspase-based executing system involving caspases is responsible for neuronal loss by apoptosis. Materials and Methods: Long-term exposure to the microtubule-disassembling agent, colchicine, was used to disrupt the axodendritic network and eventually trigger caspase-3-mediated apoptosis in cultures of cerebellar granule cells. For this model, we investigated the role of Bcl-2 and caspases in neurite degeneration and death of neuronal somata. Results: Early degeneration of the axodendritic network occurred by a Bcl-2 and caspase-independent mechanism.
Introduction
Apoptosis is characterized by a conserved set of morphological changes, such as nuclear condensation and characteristic chromatin compaction (1, 2) . Apoptosis plays a physiological role in the functional development of the nervous system (3, 4) , but it also can underlie the accidental loss of neurons observed in cerebral ischemia and a plethora of chronic neurodegenerative diseases (5) (6) (7) .
Despite the growing evidence that apoptosis takes part in neurodegenerative processes, it is still unclear whether the onset of symptoms and pathological manifestations are due to neuronal loss or, rather, to a preceding functional neuronal damage (8) (9) (10) . A common early feature of neurodegenerative disorders is a disturbed intraneuronal trafficking and cytoskeletal alterations (11) , often associated with formation of protein aggregates (12) . It appears reasonable that, while these events may be the cause of early manifestations of disease, apoptosis of the cell soma downstream to neurite dysfunction could be triggered subsequent to these events to dispose of dysfunctional neurons. Recent findings suggest that the pathogenesis of chronic neurodegenerative diseases, such as Alzheimer's or Huntington's disease, may be independent from neuronal loss, at least in early stages. For example, in transgenic mice overexpressing either a mutated huntingtin protein or amyloid precursor protein, neuronal dysfunction, such as motor alterations or deficits in synaptic activity, are observed prior to any major pathological evidence of death (13) (14) (15) .
It is also unclear whether neuronal loss is dependent in all cases on the evolutionary-conserved apoptosis execution machinery, based on the type II subgroup of the family of caspases (16) . Caspase inhibition affords significant protection in models of stroke (17, 18) and pan-caspase inhibitors partially protect animals in models of neurodegeneration (19, 20) . On the other hand, caspase inhibition does not prevent cell death induced by radiation in hippocampal neurons (21) , by DNA damage in cortical neurons (22) , by potassium deprivation in cerebellar granule cells (23) , or by ␤-amyloid toxicity in telencephalic neurons (24) .
Block of the apoptotic execution by caspase inhibitors may in many cases "buy time" for damaged neurons. These neurons could eventually recover in the presence of adequate trophic stimulation (25) . However, inhibiting the caspase machinery may not block neuronal demise indefinitely and other death mechanisms may then be activated (26) . Such caspase-independent cell death has been associated generally with necrosis (27) and in many cases this is the outcome in cultured cells (28) . In neurons, caspasedependent and -independent death pathways may coexist (29) and be activated locally, for example, at synaptic sites (30) or in neuronal somata (31) .
We previously showed that disturbed cytoskeletal organization and neuronal trafficking by the microtubule poison colchicine caused apoptosis in cerebellar granule neurons (32) . This occurred predominantly via caspase-3-dependent proteolysis (33) . We also showed that block of apoptosis by caspase inhibitors or by energy deprivation suspended the execution of cell death, but did not affect degeneration of the neurite network (33) . Here, we investigated whether neurite loss and death of the cell soma triggered by colchicine were modulated by the anti-apoptotic factor Bcl-2 and the final fate of caspase-inhibited neurons.
Materials and Methods

Materials
Calcein acetoxymethyl ester (calcein-AM), ethidium homodimer-1 (EH-1), H-33342, SYTOX, and tetramethylrhodamine ethylester (TMRE) were obtained from Molecular Probes (Eugene, OR). Pefabloc and the caspase substrates Ac-Asp-Glu-Val-aspartyl-(DEVD)-aminotrifluoromethyl coumarine (-afc) came from Biomol (Hamburg, Germany) Ac-Val-Asp-ValAla-aspartyl-(VDVAD)-afc from California Peptide Research (Napa, CA), and (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine (MK801) came from RBI (Biotrend Chemi kalien GmbH, Köln, Germany). The caspase inhibitor z-Val-Ala-DL-Aspfluoromethylketone (zVAD-fmk), the calpain inhibitors Ac-Leu-Leu-L-norleucinal (LLN-CHO) and Ac-Leu-Leu-L-methional (LLM-CHO), the cathepsin B inhibitor z-Phe-Lys-2,4,6-trimethylbenzoyloxymethyl ketone (zFK-tmk) and amino acid ketone z-Phe-chloromethylketone (zF-cmk) were obtained from Bachem Biochemica GmbH (Heidelberg, Germany). The proteasome inhibitor clasto-lactacystin ␤-lactone was from Calbiochem-Novabiochem (Bad Soden, Germany) and the inhibitor for cathepsin B CA-074 Me (CA074) was from Peptide Institute (Osaka, Japan). Alexa™568-labeled annexin V (annexin V) was from Boehringer-Mannheim (Mannheim, Germany). Solvents and inorganic salts were from Merck (Darmstadt, Germany) or Riedelde Haen (Seelze, Germany). All other reagents not further specified were from Sigma (Deisenhofen, Germany).
Animals
Bcl-2 overexpressing mice (34) or corresponding wild-type animals were generously provided by Dr. J.-C. Martinou (Serono Pharmaceuticals, Geneva, Switzerland). All animals used for cell preparations were genotyped by polymerase chain reaction (PCR). For other experiments, 8-day-old specific pathogen free BALB/c mice were obtained from the Animal Unit of the University of Konstanz. All experiments were performed in accordance with international guidelines to minimize pain and discomfort (National Institutes of Health-Guidelines and European Community Council Directive 86/609/EEC).
Cell Culture
Murine cerebellar granule neurons (CGC) were isolated and cultured as described previously (33) . Dissociated neurons were plated on 100 g/ml (250 g/ ml for glass surfaces) poly-L-lysine (MW Ͼ 300 kDa) coated dishes at a density of about 0.25 ϫ 10 6 cells/cm 2 (800,000 cells/ml; 500 l/well, 24-well plate) and cultured in Eagle's Basal Medium (BME; Gibco, Eggenstein, Germany) supplemented with 10% heat-inactivated fetal calf serum (FCS), 20 mM KCl, 2 mM L-glutamine, and penicillin-streptomycin. Cytosine arabinoside (10 M) was added 48 hr after plating. Neurons were used without further medium changes after 5 days in vitro (DIV). The cultures were exposed to colchicine in their original medium for all experiments in the presence of 2 M MK801 and 2 mM Mg 2ϩ to prevent N-methyl-D-aspartate receptor activation, and 10 mM glucose to prevent energy depletion and excitotoxicity (33) . All inhibitors were added 30 min before colchicine, unless stated otherwise.
Viability Assays
To assess plasma membrane integrity and nuclear morphology, CGC were loaded with 0.5 M calcein-AM for 5 min (cells with intact membranes displayed green fluorescence) in the presence of 1 M EH-1 (cells with broken membranes exhibit red fluorescent chromatin stain) and 1 g/ml H-33342 (cell permeable, blue fluorescent chromatin stain). Alternatively, double-staining of neuronal cultures was performed with 0.5 M SYTOX (nonmembrane permeable, green fluorescent chromatin stain) and 1 g/ml H-33342. Cell death was characterized by scoring condensed and highly fluorescent nuclei. About 600-1000 cells were counted in five different fields in two to three different culture wells, and experiments were repeated in at least three different preparations.
Mitochondrial Function and Integrity
The mitochondrial membrane potential (⌬⌿) was monitored in cells loaded with the fluorescent
Transmission Electron Microscopy
Neurons were cultured on chamber slides (LabTek, Nalge Nunc International, Naperville, IL), fixed by addition of 2.5% glutaraldehyde (in phosphate buffer, 0.1 M, pH 7.4) and stored in fixative for 2-3 days prior to further processing. Specimens then were washed in phosphate buffer, postfixed with 1% osmium tetroxide and dehydrated in graded alcohol. Thereafter, BEEM TM capsules (Electron MicroscopySciences, Fort Washington, PA) were filled with Epon resin and put on the slides for embedding of the cells. Epon was polymerized at 60ЊC and BEEM TM capsules were detached from the glass slides in liquid nitrogen. Ultrathin sections (60-80 nm) were cut on a Reichert ultramicrotome and contrasted with uranyl acetate and lead citrate. Stained sections were observed and photographed in a Philips CM 10 electron microscope operating at 80 kV.
Visualization of Phosphatidylserine Translocation
Surface phosphatidylserine (PS) expression was analyzed by annexin V staining and confocal microscopy as described previously (37) . Briefly, 10 min before the incubation periods, CGC were stained with calcein-AM and H-33342 to visualize plasma membrane integrity and chromatin structure. Then, CGC were washed for 10 sec with binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 , 10 mM MgCl 2 , pH 7.4) and subsequently incubated for 2 min in the dark with Alexa TM 568-labeled annexin V diluted 1:100 in binding buffer. After a new wash with binding buffer, stained live cultures were immersed in binding buffer (4ЊC) and visualized by three channel confocal microscopy (blue, chromatin structure; green, membrane integrity; red, annexin binding) using a 63ϫ/NA 1.32 UV-corrected lens.
Enzymatic Assays
The enzymatic activities of recombinant murine caspase-2, generously provided by Dr. P. Vandenabeele (38) , and recombinant caspase-3, generously provided by Dr. F.O. Fackelmayer (39), were assayed using continuous fluorometric assays analogous to those described before (40) (41) (42) . Caspase-2 activity measurements were performed with 100 M of the peptide substrate VDVAD-afc (41) in reaction buffer (50 mM HEPES, 1% sucrose, 0.1% 3-[(3-cloamidopropyl)-dimethylammonio]-propanesulfate (CHAPS), 10 mM dithiothreitol) at pH 6.8 (43) . The activity of caspase-3 was determined in reaction buffer pH 7.4 with the peptide substrate DEVD-afc (100 M). Briefly, appropriate dilutions of enzyme were added to various concentrations of inhibitor and incubated for 10 min at room temperature. The enzymatic reaction was started in a final volume of 100 l by adding reaction buffer containing the substrate. Release of afc was monitored over a time period of 30 min at 37ЊC in microtiter plates at ex ϭ 400 nm and em ϭ 508 nm. The activity was calibrated with indicator TMRE (5 nM, ex ϭ 568 nm, em ϭ 590 nm) for 10 min. Fluorescent intensity was normalized to that of untreated control neurons, which was set to 100%. The fluorescence of neurons treated with the mitochondrial poison carbonyl cyanide chlorophenylhydrazone (CCCP, 20 M) was used as reference for depolarized mitochondria (35) . The release of cytochrome c from mitochondria was analyzed by immunocytochemistry of CGC grown on glass-bottomed culture dishes. After the experiment, CGC were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 in phosphatebuffered saline (PBS). To monitor cytochrome c redistribution in apoptosis, neurons were stained with a monoclonal antibody directed against the native cytochrome c (1:300, clone 6H2.B4; Pharmingen, San Diego, CA). As secondary antibody, we used an Alexa TM ( ex ϭ 488 nm, em ϭ 512 nm)-coupled anti mouse antibody (1:300; Molecular Probes, Eugene, OR). For analysis by confocal microscopy (TCS-4D UV/VIS confocal scanning system, Leica AG, Benzheim and Leica Lasertechnik, Heidelberg, Germany), CGC were embedded in PBS containing 50% glycerol and 0.5 g/ml H-33342. Alternatively, the release of cytochrome c from mitochondria was analyzed by selective digitonin permeabilization, as described previously (35, 36) , with the following modifications: at the indicated time points, the culture medium was exchanged for permeabilization buffer [210 mM D-mannitol, 70 mM sucrose, 10 mM N-2-hydroxyethylpiperazin-NЈ-2-ethansulfonic acid (HEPES), 5 mM succinate, 0.2 mM ethylenglycolbis(␤-aminoethylether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA), 0.15% bovine serum albumin, 75 g/ml digitonin, pH 7.2]. Then, cell culture plates were gently shaken for 10 min at 4ЊC, before removing the permeabilization buffer, which contained the cytosolic fraction, and adding 0.3% Triton X-100 in PBS for 10 min at 4ЊC to release residual cytochrome c, which was retained within the organelle fraction. Samples were centrifuged for 10 min at 13000ϫ g and protein from the supernatant of the centrifugation of the cytosolic and the organelle fraction was precipitated with 10% trichloroacetic acid and separated on a 12% polyacrylamide gel. All samples were obtained from cell culture dishes (12 well) containing 10 6 cells per well. Cytochrome c was detected with a monoclonal antibody raised against pigeon cytochrome c (1.5 g/ml, clone 7H8.2C12; Pharmingen, San Diego, CA) after blotting on nitrocellulose membranes. At the digitonin concentration used in the experiments, Ͼ90% neurons released lactate dehydrogenase and became permeable to the fluorescent chromatin dye SYTOX. Control experiments showed that cytochrome c was not released into the supernatant of untreated cultures, even after 20 min incubation in permeabilization buffer. Treatment of these cultures with Triton X-100 led to a maximal release of cytochrome c into the supernatant.
afc standard solutions and the formation of 1 pmol afc/min was defined as one micro unit (U). In neurons, caspase-activity (measured by DEVD-afc cleavage for caspase-3-like activity and VDVAD-afc for caspase-2-like activity) was measured as described previously (40) . Neurons were lysed in 25 mM HEPES, 5 mM MgCl 2 , 1 mM EGTA, 0.5% Triton X-100, 1 g/ml leupeptin, 1 g/ml pepstatin, 1 g/ml aprotinin, 1 mM Pefabloc, pH 7.5. The fluorometric assay was performed with a total protein amount of 5 g and substrate concentration of 50 M (DEVD-afc) or 100 M (VDVAD-afc). Release of afc was followed continuously in reaction buffer (pH 7.5 for DEVD-afc or pH 6.8 for VDVAD-afc) over a time period of 30 min at 37ЊC. Measurement of adenosintriphosphate (ATP) was performed luminometrically after lysing cells in ATP-releasing agent (Sigma) with a commercial kit (BoehringerMannheim) as described earlier (28, 35) .
Electrophoretic Assay
Field inversion gel electrophoresis was performed as described previously (35, 37) . About 5 ϫ 10 6 cells (corresponding to 6 wells of a 12 well plate) were embedded into 40 l agarose blocks. deoxyribonucleic acid (DNA) concatemers [n ϫ 50 kilo base pairs (kbp)] were used as molecular weight markers.
Statistics
Experiments to determine cell viability, mitochondrial function, or caspase activities were run as triplicates and repeated in three to five cell preparations. Statistical significance was calculated on the original data sets using the Student's t-test. When variances within the compared groups were not homogeneous, the Welch test was applied. Western blots, field inversion gel electrophoresis, and transmission electron microscopy analysis were performed with samples from at least three independent cell preparations.
Results
Delayed Cell Death in the Presence of Bcl-2 or the Caspase Inhibitor zVAD-fmk
Neuronal death due to the microtubule-depolymerizing agent colchicine is characterized by an initial disruption of the axodendritic network followed by apoptotic nuclear condensation. In agreement with previous observations (33) , treatment with the caspase inhibitor zVAD-fmk (100 M) prevented colchicine-induced nuclear alterations and protected neuronal somata from cell death for 18-24 hr. However, the microtubule breakdown still occurred and the majority of the neurite network was lost (Fig. 1A) . After prolonged exposure of CGC to colchicine plus zVAD-fmk (28-36 hr), nuclei started condensing (Fig. 1A, right panel) , and the frequency of cells with condensed chromatin reached a maximum of nearly 90% after 60 hr (Fig. 1C) . Treatment with 100 M zVAD-fmk alone did not affect neuronal viability or morphology and did not elicit visible changes in chromatin structure for at least 60 hr (Fig. 1A, left panel) .
The oncogene, Bcl-2, has been suggested as a guardian of microtubule integrity (44) and it is a potent anti-apoptotic factor (45) . Therefore, we investigated whether the initial colchicine-induced microtubule breakdown or subsequent nuclear condensation would be modulated by Bcl-2. First, experiments were performed in CGC cultures from Bcl-2-overex- pressing mice exposed to colchicine alone. Microtubule breakdown was not altered significantly by Bcl-2 overexpression (data not shown). However, caspase activation, measured 10 hr after exposure to colchicine was entirely blocked. This inhibition was ephemeral, since caspase activity then increased to an extent similar to that found in cultures from wild type (wt) animals, with a delay of 10 hr (data not shown). Similar to the delay in caspase activation, Bcl-2 caused a transient (10 hr) protection from chromatin condensation (Two-way ANOVA, group-interaction; p Ͻ 0.0001), but did not alter the ultimate extent of death after 36 hr (Fig. 1B) . The caspase-independent death triggered by colchicine in the presence of zVAD-fmk also was delayed by Bcl-2 in a similar way (Fig. 1C , Two-way ANOVA; p Ͻ 0.0001). These findings are in agreement with a recent study where inhibition of the execution caspases was achieved using cells from apaf-1 knockout (46) and suggested that both caspase-dependent and -independent types of cell death were modulated by Bcl-2.
Kinetics and Extent of Caspase Inhibition by zVAD-fmk
For our studies on caspase-independent neuronal death, we used the demethylated form of zVAD-fmk, which may be relatively unstable in certain organic buffers in vitro (47) . Therefore, we tested the chemical stability of zVAD-fmk in the cell culture medium used for our experiments. Medium alone or medium from neuronal cultures was supplemented with zVAD-fmk and samples were collected after different time points (0-48 hr) to determine their inhibitory potency towards recombinant caspase-3. When tested in serial dilutions, all medium samples inhibited enzymatic activity of recombinant caspase-3 to a similar extent ( Figs. 2A and B) . The calculated half life of zVAD-fmk was Ͼ48 hr in both neuronal culture medium and medium from neuronal cultures. These findings suggested that zVAD-fmk was a useful tool to suppress caspase-dependent apoptosis after long-term incubation at 37ЊC.
Although zVAD-fmk often has been used as a pan-caspase inhibitor, the inactivation rate for dif- ferent caspase isoenzymes varies greatly (47) . In some experimental systems caspase-2 in particular, appeared to be inactivated at a considerably slower rate than all other caspases (47) . Since caspase-2 may have a role in neuronal apoptosis (25, 48) , we evaluated the inhibitory potency of zVAD-fmk for recombinant murine caspase-2, compared with caspase-3 under various conditions. The specific enzyme activities of recombinant caspase-2 and -3 were determined with the peptide substrates VD-VAD-afc and DEVD-afc (Fig. 2C) . Caspase-2 cleaved VDVAD-afc with a very high specific activity; whereas, it was 15 times less efficient at cleaving DEVD-afc. In contrast, caspase-3 cleaved both DEVD-afc and VDVAD-afc with high activity (Fig. 2C) . For inhibition experiments, the enzymes were then used at optimal conditions, such as with DEVD-afc as caspase-3 substrate and VDVAD-afc as caspase-2 substrate. The irreversible caspase inhibitor, zVADfmk, blocked activity of both caspase-3 and -2 within a similar range of potency. The concentrations calculated to produce half-maximal inhibition within our experimental setup (preincubation of the enzyme for 10 min) were 0.15 M for caspase-3 and 0.4 M for caspase-2 (Fig. 2D) . As reference, we used a reversible peptide inhibitor, the aldehyde DEVD-CHO, for which the IC 50 can be accurately calculated. This peptide is highly specific for caspase-3 (IC 50 ϭ 4 nM in our system), compared with caspase-2 (IC 50 ϭ 2000 nM). We did not observe a detectable influence of different pH (6.8, 7.2, and 7.4) on the inhibitory effects of both peptides on caspase-2 activity (data not shown). Finally, we determined whether caspase-2 activation occurred during colchicine-induced apoptosis. Therefore, we measured DEVD-afc and VDVAD-afc cleavage in the presence or absence of the peptide aldehyde DEVD-CHO in neuronal lysates (Fig. 2E) . We used a concentration of DEVD-CHO (50 nM) that inhibited caspase-3, but not caspase-2, activity (Fig. 2D) . Both DEVD-afc and VDVAD-afc were cleaved in neurons treated with colchicine alone. In the presence of DEVD-CHO, cleavage activity for both DEVD-afc and VDVAD-afc was substantially reduced, which strongly suggested that the VDVAD-afc cleavage activity was not due to caspase-2, but most likely to caspase-3 ability to degrade VDVAD-afc. During colchicine-induced delayed cell death (i.e., in presence of zVAD-fmk), we did not detect any activity of the execution caspases measured by either DEVDafc or VDVAD-afc cleavage (Fig. 2E) . Altogether, these data suggested that zVAD-fmk inhibited permanently and completely neuronal execution caspases relevant for colchicine toxicity.
Colchicine-induced Apoptotic Chromatin Changes in the Presence of zVAD-fmk
The alterations of nuclear morphology in colchicinetreated neurons were examined by transmission electron microscopy (Fig. 3) . Control neurons had oval-shaped nuclei characterized by an overall loose chromatin structure containing some dense spots. When neurons were treated with colchicine, nuclei shrank and the chromatin condensed near the nuclear periphery to crescent-shaped cap-like structures. At later stages, aggregated chromatin was fragmented into globular structures, and the cytoplasm condensed. At that time (16-18 hr), neurons underwent secondary lysis, consistent with the ultrastructural finding that nuclear changes were followed by a loss of plasma membrane integrity.
Colchicine-induced PS Translocation in the Presence of zVAD-fmk
Translocation of PS from the inner to the outer layer of the plasma membrane is an early event in neurons undergoing apoptosis (37), for example, those treated with colchicine alone (33) . Surface PS was analyzed by staining live neurons with fluorescentlabeled annexin V. Neurons, exposed to colchicine plus zVAD-fmk for 24 hr, appeared to have intact plasma membranes, as indicated by the calcein-AM staining (Fig. 5, left panel) . At 24 hr, about 10% of the neurons displayed nuclei with the characteristic mottled type of chromatin condensation (Fig. 5 , indicated by arrows, middle panel). Nearly 50% of exposed to colchicine plus zVAD-fmk displayed only slight changes of chromatin, which appeared lumpier and started clustering near the nuclear envelope. Later (after 26-28 hr), the chromatin of neurons treated with colchicine plus zVAD-fmk strongly condensed to irregularly shaped masses under the nuclear envelope. In parallel, the cytoplasm appeared more condensed.
To examine whether the apoptotic-like morphological changes in zVAD-fmk-inhibited neurons were paralleled by DNA-damage, we measured DNAfragmentation (Fig. 4) . High molecular weight DNAfragments (600, 300 and 50 kbp) formed in CGC treated with colchicine regardless of the presence or absence of zVAD-fmk. Occurrence of DNAfragmentation paralleled the onset of nuclear condensation in time and was quantitatively similar to that triggered by colchicine alone. Staining of cells with fluorescent dyes indicated that the majority of neurons had an intact plasma membrane when DNA-fragmentation started. At late time point (36 hr), an increasing number of neurons (about 20%) clei had lost cytochrome c staining, which suggested that, once released, cytochrome c was degraded in the cytoplasm. In the presence of zVAD-fmk (Figs. 6B and C, middle right panel), which prevented the appearance of all nuclear alterations, cytochrome c was released in many neurons. This suggested that zVADfmk-inhibitable caspases were involved primarily downstream of cytochrome c release to trigger chromatin condensation, but they were not responsible for the events leading to cytochrome c release in colchicine-treated CGC. We further tested whether neurons with condensed nuclei and intact plasma membranes displayed PS exposure (Fig. 5, indicated by an asterisk, left panel), and this percentage of annexin-positive neurons remained constant at later stages. PS was localized on the surface of the neurons and entirely surrounded the cell bodies (middle and lower rows).
Rupture of Outer Mitochondrial Membrane and Cytochrome c Release in Colchicine-induced Apoptosis in the Presence of zVAD-fmk
To investigate whether mitochondria underwent apoptotic-like changes also in caspase-inhibited neurons, we measured mitochondrial membrane potential (⌬⌿) using the mitochondrial potential-sensitive dye TMRE. In CGC exposed to colchicine alone, TMRE fluorescence dropped by about 20% after 12 hr, further declined to about 30% of control after 18 hr, and was completely lost after 24 hr. In the presence of zVAD-fmk, loss of ⌬⌿ started with a delay of 8 hr, and was completed after 32 hr. The loss of ⌬⌿ was paralleled by a 90% decline of the intracellular ATP levels in both colchicines-and colchicine plus zVADfmk-treated neurons (not shown). We investigated whether those changes in mitochondrial membrane potential also were reflected by ultrastructural alterations of the mitochondria (Fig. 6A) . Mitochondria from control neurons (colchicine 0 hr) appeared elongated and oval-shaped, with dense cristae. Mitochondria from colchicine-treated neurons (colchicine 16 hr) were enlarged frequently, often up to double of their original size. Observed alterations included the formation of large blebs and the rupture of the outer mitochondrial membrane. Similar changes were observed in mitochondria from colchicine-treated neurons in the presence of zVAD-fmk (colchicine plus zVAD-fmk, 16 hr). These findings suggested that colchicine-induced microtubule depolymerization somehow triggered irreversible mitochondrial alterations, and these may have committed neurons to death, in the presence or absence of caspase activation.
In order to obtain a quantitative overall measure of mitochondrial membrane rupture in the neuronal population, we characterized the release of cytochrome c from mitochondria to the cytoplasm (Figs. 6B and  C) . In control neurons (colchicine 0 hr), immunoreactive cytochrome c formed a punctate pattern in the neurite structures and around the nuclei. The structures stained by anti-cytochrome c colocalized with the mitochondrial marker, Mitotracker Red (not shown). 30% of the neurons exposed to colchicine for 12 hr displayed a diffuse cytosolic cytochrome c pattern and nuclear localization of cytochrome c. 80% of these latter cells had a condensed apoptotic nucleus (Figs. 6B and C, middle left panel). The diffuse cytosolic cytochrome c pattern was also observed in some neurons that still displayed normally shaped nuclei, indicating that cytochrome c release preceded nuclear condensation. Some of the neurons with clearly condensed nu- colchicine had any direct effect on mitochondrial loss of cytochrome c by exposing neurons in the presence of the translation inhibitor cycloheximide (CHX), which blocks apoptosis in this model (33) and acts upstream of mitochondria (49) . No cytochrome c release from mitochondria was observed, even at later stages (20 hr, Figs. 6B and C, right panel) in this model system, although CHX did not prevent the initial colchicine-triggered microtubule breakdown. The results obtained by immunocytochemistry were confirmed fully by Western blots analysis of cytochrome c in both cytosolic and organelle fraction (Fig. 7) . Taken together, these findings provided evidence that cytochrome c release occurred upstream of caspase activation and was triggered by cytoskeletal breakdown, but not by colchicine itself.
Modulation of Cell Death by Proteasome Inhibitors
We further investigated whether other proteases different from caspases would contribute to the delayed caspase-independent cell death. In many cases, CGC did not tolerate a prolonged incubation with several of the protease inhibitors tested. Thus, we added the various inhibitors 12 hr after the challenge with colchicine plus zVAD-fmk, at the time when cytochrome c release just began. Neuronal survival was then determined 18 hr later.
The highly selective and irreversible proteasome inhibitor clasto-lactacystin ␤-lactone (active lactacystin metabolite), in a concentration range from 10-20 M, reduced the percentage of condensed nuclei by 70% (Fig. 8) . Similar effects were obtained with the proteasome inhibitor, MG 115 (z-Leu-LeuNva-CHO) in a concentration range from 1-20 M (Fig. 8 ). These proteasome inhibitors had only minor effects (less than 5% protection) on colchicineinduced apoptosis in the absence of zVAD-fmk, even when the inhibitors were added to the cultures together or prior to colchicine (not shown). The peptide aldehyde LLN-CHO (50-100 M) reduced cell death by 50% (not shown). Because LLN-CHO inhibited calpains as well as proteasome, we also tested the broad cysteine protease inhibitor, E 64 (Fig. 8 ) had no effect on cell demise. Altogether, these findings point at the proteasome as an important mediator of cell death in caspase-inhibited neurons.
Discussion
Neurons exposed to colchicine degenerated by a two-step mechanism: a caspase-independent loss of neurites followed by an apoptotic demise of neuronal somata. Caspase inhibition and Bcl-2 overexpression did not prevent neurite loss; whereas, they delayed the appearance of apoptosis. Most notably, caspase-inhibited neurons still died after a lag period of 24 hr, displaying key features of apoptosis, such as nuclear shrinkage, chromatin condensation, and DNA-fragmentation. In addition, neurons showed PS-exposure and mitochondrial permeabilization, which are often observed in apoptotic cells.
These findings contrast with the classical paradigm that the apoptotic morphology requires and results from activation of caspases alone (16, 27) . A dominant role of caspases in several models of space to the cytoplasm. In addition, loss of respiratory functions and ATP depletion may follow the irreversible opening of the permeability transition pore (78) and/or the loss of cytochrome c. The translocation of cytochrome c to the cytoplasm couples the mitochondrial cell death sensor to the activation of caspases. In colchicine-induced apoptosis, loss of the mitochondrial membrane potential occurs upstream of caspase activation, since caspase inhibitors do not prevent the loss of ⌬⌿ (data not shown). Similarly, cytochrome c release occurs in a caspase-independent manner (Figs. 6 and 7 ). In contrast, the translation inhibitor, CHX, blocks apoptosis (33) by a mechanism upstream of mitochondria. One possible explanation for the effect of CHX may be the suppression of gene induction involved in the multimerization and translocation of proapoptotic Bax to mitochondria, as shown in sympathetic neurons deprived of nerve growth factor (49) .
The oncogene bcl-2 can prevent caspase-dependent and -independent cell death (46, 79, 80) , acting primarily on mitochondria (81) . Nevertheless, neurite loss is not altered by overexpression of this oncogene. However, in neuronal cultures from Bcl-2-overexpressing mice, colchicine-induced caspase activation is temporarily suppressed (data not shown). Time course studies show that this protection was, in fact, only ephemeral, and caspase activity increases later to the same extent as in observed wild type neurons. The transient protection provided by Bcl-2 in both caspase-dependent and caspaseindependent paradigms (Figs. 1B and C) suggests that the two modes of cell death may share one commitment point at the level of mitochondria. These findings also suggest the existence of essential death effectors other then caspases, but which are still controlled by Bcl-2. One candidate is the mitochondrial flavoprotein AIF, which can elicit apoptotic nuclear changes in a caspase-independent manner (82) . Moreover, other protease families, such as calpains, cathepsins, and the proteasome and serine proteases have been implicated in apoptosis (83) (84) (85) (86) .
The essential conclusions of this work are based on the observation that the poly-caspase inhibitor zVAD-fmk completely inhibits execution caspases in these neurons (Fig. 2) . Although the experimental evidence shows that all active caspases in this system are blocked by zVAD-fmk, we cannot exclude that a yet unknown caspase not sensitive to zVADfmk might mediate pro-apoptotic events. Whereas this seems unlikely to us, it appears more plausible that another protease family may produce the apoptotic-like features found in caspase-inhibited neurons. The available evidence allows the conclusion that the proteasome may take over the role of an execution system (Fig. 8) . In other models, the proteasome system is involved critically in apoptosis, acting at a point upstream of caspase activation, for example, in cerebellar granule cells deprived of extracellular potassium (87) , in sympathetic neurons neuronal apoptosis is proven by the protective effects of viral caspase inhibitors (50, 51) or peptide inhibitors (37, (52) (53) (54) . In vivo, caspase inhibition can significantly alleviate damage following cerebral ischemia (17, 18) , axotomy (55) , head trauma (56) , and intracerebral transplantation (57) . Nevertheless, there is emerging evidence that inhibition of caspases does not always prevent apoptotic cell death. For instance, removal of the interdigital web and negative selection in the thymus occur independently of caspases (58, 59) . In vitro, cytolysis and mitochondrial membrane permeabilization has been observed, despite the presence of pan-caspase inhibitors, and although these compounds blocked oligonucleosomal DNA fragmentation and chromatin condensation in the same settings (60) (61) (62) (63) . In some cases, programmed cell death has been shown to occur without caspases being activated at all (64) (65) (66) . A possible explanation for the contradictory results obtained with caspase inhibitors may be that this approach fails to rescue permanently from cell death when additional survival factors (i.e., neurotrophins) are lacking (25) . The positive side of this consideration is that caspase inhibition in vivo eventually may buy sufficient time for injured cells to recover. The question, instead, arises as to whether pharmacological caspase inhibition may be an effective treatment in chronic neurodegenerative disease, when factors promoting regeneration are missing (26) .
An additional question, which becomes relevant in molecular pathology, is whether caspaseindependent cell death can have an apoptotic-like morphology. An increasing number of studies, including ours, suggest that this is possible (66) (67) (68) (69) (70) (71) . The delayed and caspase-independent cell death observed in the present study was characterized by typical apoptotic features, such as chromatin condensation (Fig. 3 ) and ordered DNA degradation (Fig. 4) . In comparison to apoptosis induced by colchicine alone, where we observed chromatin condensation plus fragmentation to crescent-shaped patterns (Fig. 3) , and degradation to large (Fig. 4) and oligonucleosomal DNA fragments (32), caspaseinhibited neurons seem to execute this part of the program only partially. Oligonucleosomal DNA fragmentation involves primarily the caspases-mediated activation of cytoplasmic nucleases (72) and it is clearly not featured in caspase-inhibited neurons. PS translocation, the most conspicuous plasma membrane event occurring in apoptosis can result from caspase activation (73) , but it also can be mediated by alternative mechanisms (74) . Regardless of the triggering event, the appearance of PS on the surface of neurons dying in the presence of caspase inhibitors (Fig. 5) suggests that they still would be recognized by phagocytes in vivo.
Mitochondrial dysfunction in apoptosis results in the release of pro-apoptotic factors, including caspases (75) , cytochrome c (76) , and the apoptosisinducing factor (AIF) (77) from the intermembrane deprived of nerve growth factor (88) , or in T cells treated with glucocorticoids (85) . However, inhibiting the proteasome does not modify colchicineinduced caspase activation. Thus, our data suggest the existence of an alternative pathway, as recently observed in other systems (68) .
Our cell culture system models a situation where caspase inhibition may save time for the recovery of neurons in stress situations. If this does not occur, then other proteases may take over the execution to prevent the persistence of damaged cells. This suggests that: (1) the finding of neurons dying in vivo with apoptotic features does not always imply that caspase activation is causally involved in neuronal demise; and (2) that treatment of neurodegenerative disease solely with caspase inhibitors may not always be the most efficient way to rescue neurons. The combined use of caspase inhibitors with treatments aimed to foster active regeneration of sublethally injured neurons may be the most effective therapeutic approach (26) .
